and Twyman (25, 26) have reported that a high nutrient level of manganese has a depressing effect on the absorption of iron from nutrient solutions and upon the maintenance of a high level of water-soluble iron in plant tissues, inducing symptoms of iron deficiency chlorosis. High nutrient levels of iron were likewise shown to have a depressing effect on the absorption of manganese from nutrient solutions and upon the maintenance of a high level of water-soluble manganese in plant tissues, although to I Received July 6, 1954. a much lesser degree than the effect of manganese on iron. Oulette (14) found that the severity of manganese toxicity symptoms in soybeans decreased as the nutrient level of iron was increased in the substrate. Other instances of manganese-induced iron deficiency have been reported by Sideris and Young (18) , Sideris (17) and Hewitt (8, 9, 10, 11) for -several plants.
Sideris and Young (18) and Twyman (26) have suggested that manganese-induced iron deficiency in plants is a result of substitution of manganese for two hydrogen atoms or for iron in porphyrin molecules. In vitro substitution of iron by manganese in purified horseradish peroxidase with resulting feeble peroxidatic activity has been reported by Gjessing and Sum-ner (7). Theorell (23) reported that such a substitution eliminated all peroxidatic activity.
It has been reported that activities of the enzymes catalase and peroxidase are related to the presence in plant tissues of photoreceptive pigments such as chlorophyll (6) and flavines (5) . Catalase seems to be involved in photosynthesis (6) and peroxidase in the light-activated indoleacetic acid oxidase system in peas (5) .
To study the effect of different levels of iron and manganese nutrition on the activity of iron-containing enzymes of chlorophyll-deficient and chlorophyll-bearing tissues, albino as well as green plants were employed in the present studies.
MATERIALS AND METHODS
In order to continue the active growth of chlorophyll-deficient leaf tissue during the experimental period albino scions were grafted into the stems of plants having green leaves. Green and albino seedlings of Russian sunflower (Helianthus annuus L.) seeds2 which originated as a result of mutations induced by ultrasonic vibrations (29, 30) , were used in these experiments. Green seedlings used for stock plants to which green and albino scions were grafted were siblings from an earlier generation of the originally treated seeds. Seeds for the green stock plants were sown on September 30, 1952 , and seeds for the albino seedlings were sown 20 days later in white quartz sand. The normal seasonal daily sunlight period was extended to 16 hours with incandescent light. A minimum intensity of about 6 fc was provided.
Soon after the albino and green seedlings from the second sowing emerged from the sand, they were cleftgrafted, one per plant, into the apical portions of the stems of the older green sunflower stock plants. Both albino and green seedlings were grafted into the green stock plants in order to provide albino and green tissues which were produced under as similar conditions of growth as possible. During (20) . Digestion of samples and subsequent color development in the determination of iron and manganese were carried out according to the method of Toth et al (24) .
Protein nitrogen was determined by extracting small samples of freeze-dried leaf tissues for 16 hours with a refluxing water-alcohol mixture (27) Catalase activity was determined manometrically in a Warburg apparatus at 250 C in triplicate by a method similar to that described by Sizer (19) . Each reaction vessel contained 2.0 ml of 0.10 M hydrogen peroxide made up in 0.05 M phosphate buffer, pH 7.0. The sidearm contained 1.0 ml of enzyme preparation. In each series of determinations, one reaction vessel received 1.0 ml of the phosphate buffer in the sidearm instead of enzyme; this reaction vessel served to measure the amount of spontaneous decomposition of hydrogen peroxide in the absence of catalase. Oxygen evolution was followed over a period of 5 minutes.
Cytochrome oxidase activity was determined spectrophotometrically by measuring the rate of oxidation of ferrocytochrome c at a wavelength of 550 m,u in a Beckman Model DU spectrophotometer (3, 28, 32 Cytochrome oxidase activity of albino leaf tissue of control plants was significantly higher than the activities of tissues grown with either low iron or high manganese. In the case of green tissues, cytochrome oxidase activity of controls was also significantly higher than that found for low iron or for high manganese.
DIscussIoN
The results of this experiment substantiate the findings of Brown and Hendricks (2) that the nutrient deficiency of an element will be evident in a changed activity of enzymes requiring this element for function. This has also been shown by Nason et al (13) . In accordance with this concept, low iron in the nutrient substrate resulted in a low activity of the iron-containing enzymes catalase and cytochrome oxidase in green-grafted and albino-grafted scions. Of perhaps more significance is the strikingly low activity of these enzymes in the presence of a high tissue content of manganese. The similarity in response of each enzyme to both low nutrient levels of iron and to high nutrient levels of manganese suggests that both treatments induce similar alterations in the metabolic pattern of these plants. This suggestion is substantiated by the similarity in the characteristic visual leaf symptoms, water-soluble iron, and in protein nitrogfen contents of the leaf tissues. Furthermore, an earlier experiment with Havana. Seed tobacco plants (31) demonstrated that the relative distribution of citric, malic, oxalic, and total organic acids of the leaf tissues was similar in low iron and in high manganese plants, and in high iron and in low manganese plants. The exact mechanism associated with these responses is not known. In the case of iron-containing enzymes, it is entirely plausible that in high manganese tissues there is direct competition between manganese and iron for a position in the heme nucleus of the enzyme as suggested by other workers (18, 26) .
The inhibition of chlorophyll production in albino sunflower leaf tissues is not paralleled by the lack of production of the porphyrin nucleus for iron enzymes, since these enzymes are present in significant quantities. However, the relatively low catalase activity of albino tissues confirms the results published by Eyster (4) and Appleman (1) who found catalase activity of albino tissues to be less than that of green tissues. The presence of cytochrome oxidase in albino leaf tissues suggests that this enzyme mediates at least a portion of terminal respiration in these tissues. Definite proof of this, however, awaits a study of other terminal oxidases in these tissues.
From the information gathered in this and in previous experiments in this laboratory, it is concluded that on the basis of biochemical data presented and in the species of plants used, a high nutrient level of manganese in the presence of low iron induces a true iron deficiency. Thus, for each set of cultural conditions and for each nutrient level of iron, there is a nutrient level of manganese which will induce iron deficiency symptoms on many species of plants. If this level is surpassed, symptoms of manganese toxicity in addition to those of iron deficiency may become apparent. The browning of trichomes on sunflower plants observed in these experiments is believed to have resulted from a nutrient level of manganese which was higher than that required to induce only iron deficiency symptoms. It is recognized, however, that the general pattern of response to high manganese is not the same on all species of plants (8, 9, 10, 11, 12) . SUMMARY 1. A solution culture experiment was carried out in order to study the effects of different iron and manganese nutrient levels on the water-soluble, waterinsoluble, and total tissue content of both iron and of manganese, on protein nitrogen content, and on catalase and cytochrome oxidase activities of leaf tissues. Green and albino sunflower scions grafted to green stock sunflower plants were used.
2. Symptoms of iron deficiency chlorosis were evident on green portions of plants supplied with a high nutrient level of manganese, as well as with a low nutrient level of iron.
3. Symptoms of manganese deficiency chlorosis appeared on green plants supplied with a low nutrient level of manganese, but not on plants supplied with a high nutrient level of iron. 4 . A low nutrient level of iron and a high nutrient level of manganese each resulted in a very low watersoluble iron content of green tissues as compared with controls.
5. In both green and albino tissues, the low nutrient level of iron resulted in a relatively low protein nitrogen content. In green tissues, the high manganese treatment also resulted in a low protein nitrogen content but this was not the case in the albino tissues. 6 . Low levels of catalase and cytochrome oxidase activities were found in both green and in albino leaf tissues of plants grown with low nutrient levels of iron or of high nutrient levels of manganese.
7. Catalase and cytochrome oxidase activities of albino tissues were usually less than those found for corresponding green tissues grown with the same nutrient treatments. 8. Results support an hypothesis by other workers that induction of iron deficiency by high manganese may be due to a direct competition between manganese and iron for a position in the heme nucleus of the iron-containing enzymes. 9 . It is concluded, on the basis of the biochemical data presented, that in the species of plant used, a high nutrient level of manganese in the presence of low iron induces a true iron deficiency.
